conditions of the specific assay was studied using a biparametric approach. In addition, the influence of 27
Tween 20 and organic solvents over the assay parameters was also evaluated. After optimization, the 28 developed immunochemical assay was applied to the analysis of azoxystrobin in spiked juices of 29 relevant fruits and vegetables, showing excellent recoveries between 2 and 500 µg L −1 . 30 31
Introduction 46
Strobilurins comprise a family of powerful fungicides. Their discovery was inspired by theidentification of a group of active natural products displaying a potent antifungal activity in the 48 mushrooms Strobilurus tenacellus and Oudemansiella mucida [1, 2] . These agrochemicals exert their 49 fungicide action through binding to the Q o site of cytochrome b in the mitochondrial electron transport 50 chain [3] . Although strobilurins show much lower toxicity to humans and non-target organisms than the 51 traditional anti-mycotic substances, some of them are toxic to aquatics organisms [4] . Since their 52 commercialization in the late 1990s, the strobilurin family has been steadily growing. Currently, 17 53 active compounds have been developed, although just 9 of them have received an ISO name and are 54 therefore of global commercial relevance [5, 6] . One of the two first strobilurins to be patented was 55 azoxystrobin (AZ, Fig. 1 ), which was soon after approved worldwide for disease control in most cereals, 56 fruits, and vegetables, being currently registered for use in nearly 120 crops in around 100 countries. At 57 present, this active principle is being massively sold in a variety of formulations under different trade 58 names. As a matter of fact, nearly 4000 tones of AZ was used worldwide in 2009, with global annual 59 sales over $1 billion, which makes it the world's leading proprietary fungicide [7] . 60 Nowadays, the monitoring of pesticide residues is compulsory for governments and private 61 corporations involved in food processing. The European maximum residue limits (MRLs) for AZ in 62 cells at a 4:1 ratio using 1 mL of PEG 1500 as the fusing agent. The fused cells were distributed in well culture plates at a density of 1.5 × 10 5 lymphocytes per well in 100 µL s-DMEM with 15% FBS. 146
Twenty-four hours after plating, 100 µL of selection medium (s-DMEM supplemented with HAT) with 147 20% FBS and 1% (v/v) HFCS was added to each well. 148
Hybridoma selection and cloning 149
Twelve days after fusion, hybridoma culture supernatants were assayed following a sequential double-150 screening process. First, each culture supernatant was analyzed in parallel with and without competitor 151 by i-cELISA as described by Abad et al. [31] . The concentration of AZ in solution was 500 nM in the 152 screening of the first cell fusion of each set of mice, and 100 nM in successive fusion experiments. The 153 signal in non-competitive conditions (absence of analyte) was compared with the competitive one when 154 AZ was used as competitor, and the ratio of both absorbances was used as the criterion to identify good 155 antibody-secreting clones. In addition, competitive ELISAs were performed using serial dilutions of the 156 culture supernatant from those wells that afforded saturated signals in the first screening experiment. 157
The selective pressure was increased in the second assay using lower AZ concentrations, and ELISA 158 plates were coated with antigens at 0.1 µg mL −1 to favor competition. The selected hybridomas were 159 cloned by limiting dilution in cloning medium (s-DMEM containing 20% FBS and supplemented with 160 HT and 1% HFCS). Stable antibody-producing clones were expanded and cryopreserved in liquid 161 nitrogen. 162
Purification of monoclonal antibodies 163
Immunoglobulins were purified from late stationary-phase culture supernatants by ammonium sulfate 164 precipitation and protein G affinity chromatography following column manufacturer's instructions. A 165 fraction of the purified mAb was diluted 1:1 with PBS containing 1% (w/v) BSA and 0.01% (w/v) 166 thimerosal and stored at 4 ºC in amber glass vials for daily usage. The remaining mAb solution was 167 stored at 4 ºC as ammonium sulfate precipitate.
169

Enzyme-linked immunosorbent assays 170
Ninety-six-well polystyrene ELISA plates were coated with 100 μL per well of OVA conjugate 171 solution in 50 mM carbonate-bicarbonate buffer, pH 9.6, by overnight incubation at room temperature. the mean absorbance values were interpolated into the standard curve run in the same plate, also in 218 triplicate wells. Unfortified samples were also diluted in PBS as mentioned above and included as 219 controls. 220
Results and discussion 221
Immunological response 222
In order to elicit antibodies suitable for the development of sensitive immunochemical assays for 223 small organic molecules, the immunizing haptens must mimic as much as possible the structure and 224 electronic distribution of the parent analyte. AZ is a very flexible compound, so it is rather uncertain to 225 predict the linker position that would limit to a lesser extent the conformational freedom of the 226 molecular framework, and simultaneously afford a maximum exposure of the target to the immune 227 system. In this study, four rationally-designed haptens, namely AZa6, AZb6, AZc6, and AZo6 ( Fig. 1) , 228 which incorporated the same saturated hydrocarbon spacer arm at different positions of the skeleton 229 through C-C single bonds, were evaluated for the production of mAbs. The syntheses of those 230 regioisomeric functionalized haptens of AZ and their conjugation to carrier proteins have been 231 described elsewhere [30] . 232
The immunization process was confirmed and the performance of the immunogens was assessed 233 using antisera collected after the third boost. At this point, all of the animals showed an outstanding 234 response, with antisera showing high titers (~ 10 5 ) when they were evaluated by ELISA using the 235 homologous coating conjugate. In addition, all antisera bound all heterologous coating antigens 236 (conjugates bearing a hapten different to that of the immunogen) with good titers despite the diversity in 237 spacer arm attachment sites, even at low conjugate concentrations (0.1 µg mL −1 ). Concerning affinity, 238 the obtained IC 50 values for AZ were also remarkably low for mouse antisera, particularly those of mice 239 immunized with haptens AZa6 and AZb6. Moreover, some heterologous combinations resulted in up tovalues were achieved with AZa6-type antisera using OVA-AZb6 for coating. In general, OVA-AZb6 242 conjugate was the best heterologous coating antigen for all antisera, probably because of the central 243 position of the spacer arm. Anyhow, the four evaluated haptens gave rise to an excellent response in 244 mice, so all of them were deemed appropriate candidates to address hybridoma technology. 245
Generation of monoclonal antibodies 246
At least three cell fusions were performed with splenocytes from mice immunized with each AZ 247 derivative. A sequential double-screening procedure was carried out after the cell fusion for hybridoma 248 selection, as described in the section 2.2.2. In the first screening, two simultaneous assays -one with 249 and one without free analyte -were performed, which helped to identify those antibody-producing 250 clones that bound not only the coating conjugate but also the free analyte. The observed high number of 251 positive clones (wells containing antibodies that recognized the coating conjugate) that were usually 252 found after each cell fusion could already be envisaged from the high titers exhibited by mouse antisera. 253
In most cases, also a high number of competitive clones (wells containing antibodies that recognized the 254 free analyte) were retrieved in this first screening assay (Table S2 ). With the aim of efficiently ranking 255 hybridomas for further cloning and expansion according to the affinity of the secreted antibodies, a 256 second screening was routinely carried out following a competitive checkerboard assay. Remarkably, 257 high-affinity antibody-producing hybridomas were rather homogeneously derived from all of the 258 immunizing haptens, in keeping with the results observed in competitive experiments with the mouse 259 antisera. In total, 37 hybridoma cell lines were cloned and stabilized; they all produced antibodies of the 260 IgG 1 isotype with κ light chains, with the only exception of mAb AZb6#43 (IgG 2a , κ) . 261
Evaluation of antibody affinity 262
A straightforward strategy for immunoreagent assessment and affinity determination was followed. 263
Each mAb, at six different concentrations (30-1000 ng mL −1 ), was tested against the four available 264 coating conjugates at two concentrations (0.1 and 1.0 µg mL −1 ) under competitive conditions using 265 8-point AZ standard curves (10 −4 -10 2 nM), including a blank. All combinations were tested at least 266 three times. This study provided, for each pair of immunoreagents, a set of 12 inhibition curves 267 displaying different A max values, which allowed a well-founded selection of the best combinations of 268 mAb and assay conjugate for further ELISA development. Concerning antigen recognition, all of the 269 mAbs were able to bind the homologous conjugate with high avidity. In fact, coating antigens had to be 270 used at or below 0.1 µg mL −1 in homologous combinations to afford optimum competitive curves. With 271 regard to heterologous coating conjugates, unexpected results were found in some cases. Thus, most 272
AZa6-type mAbs were unable to bind OVA-AZc6, whereas the opposite was not true, i.e. AZc6-273 derived mAbs recognized pretty well OVA-AZa6 as coating antigen. A similar finding was observed 274 with haptens AZb6 and AZa6; whereas most AZb6-type mAbs did not recognize OVA-AZa6, 7 out of 275 11 AZa6-type mAbs did bind OVA-AZb6. Finally, we found that conjugate OVA-AZo6 was strongly 276 recognized by all of the antibodies, even by those generated from immunizing haptens with the linker at 277 a very different site. Most likely, the many degrees of freedom of the toxophore moiety in AZo6 could 278 probably explain its universal character as coating antigen. 279 Table 1 summarizes the antibody and coating conjugate concentrations, as well as the curve 280 parameters, for a short selection of mAbs at those particular immunoreagent concentrations that 281 afforded the lowest IC 50 with an A max value between 0.8 and 1.5 (see Table S3 for the rest of mAbs). 282
Overall, antibodies displaying outstanding affinity to AZ (IC 50 values in the subnanomolar range) were 283 obtained from any of the four immunizing conjugates. The antigen OVA-AZb6, with the spacer arm 284 located at the central ring of the AZ skeleton, emerged as a very convenient heterologous coating 285 conjugate for the development of sensitive assays, as it was already observed with mouse antisera. 286
Slopes were an issue of concern from this study because very steep inhibition curves were observed 287 with many immunoreagent combinations, which would result in assays with rather narrow working 288 ranges. Accordingly, this curve parameter received special attention in the further selection of 289 immunoreagent combinations. 290
Assessment of antibody specificity 291
The binding properties of each mAb towards relevant members of the strobilurin family (kresoxim-292 methyl, trifloxystrobin, picoxystrobin, pyraclostrobin, dimoxystrobin, orysastrobin, and 293 metominostrobin) were studied using the homologous OVA conjugate as coating antigen. No inhibition 294 was observed up to 1 µM in any case, so all mAbs, irrespective of their origin, were highly specific to 295 AZ. This finding was not actually unexpected because strobilurin fungicides, although belonging to the 296 same agrochemical group, barely share a minimum part of the whole structure (Fig. S1) , and it is well-297 known that mAbs are biomolecules most often displaying exquisite specificity to their target, being able 298 to discriminate between chiral molecules and geometric isomers [32, 33] . 299
The fungicide activity of AZ strongly relies on the E-isomer, which in fact makes up for more than 300 98% of the technical product, whereas the Z-isomer, which is mainly generated by photochemical 301 transformation, accounts for up to 25% of the observed degradation products [34, 35] . During hapten 302 synthesis, especial precautions were taken to preserve the E conformation of the toxophore in all 303 derivatives. Accordingly, we thought it was worthwhile to challenge our large collection of mAbs with 304 the Z-isomer in order to further explore the fine specificity of their binding sites and to study the 305 relationship between their stereoselectivity and the derivatization position in the parental hapten. The 306 Z-isomer of AZ was prepared as described by Clough et al. [36] , and competitive curves with both 307 isomers were simultaneously run in the homologous format with the whole collection of mAbs. The 308 most stereoselective mAbs were those coming from immunizing haptens AZo6 and AZb6, showing 309 mean CR values for each group of mAbs of 3.8% (n = 12) and 3.5% (n = 8), respectively (Fig. 2) . On 310 the contrary, mAbs derived from the immunizing hapten AZa6 were less able to discriminate between 311 both isomers, with a mean CR value for the Z-isomer of 40.3% (n = 11). Interestingly, this group 312 included two of the antibodies that displayed extreme and opposite selectivity patterns, i.e. mAb 313 AZa6#21, whose CR value for the Z-isomer was 1.0%, and mAb AZa6#210, with a CR value of 96.7% 314 (Fig. S2) . Regarding antibodies that came from the immunizing hapten AZc6, a mean CR value for theZ-isomer of 19.0% was found. In brief, stereoselective antibodies (CR < 2%) were generated from all 316 immunizing haptens, but thanks to the large set of available mAbs, we could observe that haptens AZo6 317 and AZb6 were more adequate for this purpose. Otherwise, hapten AZa6 emerged as a very well suited 318 derivative for the production of mAbs displaying equivalent affinities for both geometric isomers. 319
ELISA development and characterization 320
Considering that all of the produced antibodies displayed high affinity and specificity to AZ, some 321 immunoreagents were reevaluated in order to ensure the selection of the best assays. Thus, those 322 combinations that provided IC 50 values below 0.5 nM and slopes higher than −1.4 in the initial 323 evaluation were tested again using adjusted mAb and antigen concentrations to afford A max values close 324 to 1.0. Table 2 lists the main curve parameters that were reached with the best antibody that was derived 325 from each type of immunogen. The most sensitive immunoassays were achieved with mAbs AZa6#11 326 and AZo6#49, using in both cases OVA-AZb6 as coating conjugate. Taking into account IC 50 values,  327 slopes, robustness, and cell growth and antibody-producing capacity in culture of the parental 328 hybridoma cell line, mAb AZo6#49 together with conjugate OVA-AZb6 were selected for further assay 329
characterization. 330
The influence of buffer pH and ionic strength was investigated following a biparametric approach. AZ 331 concentrations from 100 nM to 1 pM were prepared in deionized water and the mAb was diluted in 20 332 mM buffers of varying pH and I values. Fig. 3 shows the variation of the A max and IC 50 values of the 333 resulting inhibition curves with regard to these two physicochemical parameters. High pH and I values 334 decreased the A max , but they did not significantly modify the IC 50 inside the assayed range, even though 335 slightly better IC 50 values were obtained in buffers with extreme pH and ionic strength. Therefore, the 336 best compromise was to keep the ELISA conditions at pH and I values equivalent to those of the PBS 337 (pH 7.4 and I = 162 mM at 25 ºC). The moderate dependence of the assay IC 50 over the pH and salt 338 concentration, together with the particularly high sensitivity of the described ELISA, should permit the 339 neutralization of the acidic character of most fruits and vegetables by simple dilution with a regular 340 assay buffer. 341
Tween 20 is a common additive used in ELISA to avoid unspecific interactions between proteins and 342 with the solid support. However, it is known that this detergent may exert a negative influence over the 343 signal and sensitivity of the immunoassay [26] . As a further step in the optimization of the selected i-344 cELISA for AZ, competitive assays were run in PBS containing different amounts of Tween 20. From 345 this study, it was observed that the usual detergent concentration (0.05%) was optimum for this assay 346 (Fig. S3) . Finally, the effect of some commonly employed organic solvents in pesticide residue 347 extraction over the parameters of the inhibition curve was evaluated (Fig. S4) . Solvent concentrations at 348 or above 10% severely compromised the performance of the assay, in particular with acetonitrile and 349 acetone. The best tolerated solvent was methanol; concentrations below 5% did not significantly change 350 the curve parameters, and even acceptable A max and IC 50 values were obtained with 10% methanol. 351 Table 3 shows the main analytical features of the optimized competitive ELISA. 352
Food analysis 353
AZ is extensively used to fight botrytis in high-valuable crops, including tomatoes, peaches, grapes, 354 and bananas, so the performance of the developed i-cELISA was evaluated in juices from those food 355 commodities. Firstly, a study of the matrix effects over the developed immunoassay was undertaken by 356 running AZ standard curves prepared in juice diluted in PBS. It was observed that a direct 1/50 dilution 357 of the juice in assay buffer practically reduced the interferences down to negligible levels (Fig. 4) . Next, 358 the four juices were fortified with varying amounts of AZ and measured with the optimized i-cELISA 359 after a simple dilution in buffer; three dilution factors were tested to better evaluate assay performance. 360
As shown in Table 4 , good to excellent recoveries over more than two orders of magnitude of analyte 361 concentration could be obtained even from just a single dilution (factor 1/100). In the four analyzed 362 commodities, 2 µg L −1 of AZ could be adequately measured by direct dilution in PBS, which is a 363 concentration 10 times below the lowest MRL that has been laid down in the international legislation.
Actually, the newly developed ELISA for AZ is currently being applied as a screening procedure in real 365 
